End-expiratory lung volume recovers more slowly after closed endotracheal suctioning than after open suctioning: A randomized crossover study by Corley, Amanda et al.
This is the author’s version of a work that was submitted/accepted for pub-
lication in the following source:
Corley, Amanda, Spooner, Amy J., Barnett, Adrian G., Caruana, Lawrence
R., Hammond, Naomi E., & Fraser, John F. (2012) End-expiratory lung
volume recovers more slowly after closed endotracheal suctioning than
after open suctioning : a randomized crossover study. Journal of Critical
Care, 27 (6), 742.e1-742.e7.
This file was downloaded from: http://eprints.qut.edu.au/55839/
c© Copyright 2012 W.B. Saunders
Notice: Changes introduced as a result of publishing processes such as
copy-editing and formatting may not be reflected in this document. For a
definitive version of this work, please refer to the published source:
http://dx.doi.org/10.1016/j.jcrc.2012.08.019
 1
End-expiratory lung volume recovers more slowly after closed endotracheal suctioning 
than after open suctioning. A randomised crossover study. 
Authors 
Amanda Corley1 
Amy J Spooner1 
Adrian G Barnett2  
Lawrence R Caruana1 
Naomi E Hammond1 
John F Fraser1 
 
1Critical Care Research Group, The Prince Charles Hospital and University of Queensland, 
Brisbane, Australia 
2Institute of Health and Biomedical Innovation, School of Public Health, Queensland 
University of Technology, Brisbane, Australia  
 
Corresponding Author 
Amanda Corley 
Critical Care Research Group, Level 5 CSB 
Rode Rd 
Chermside QLD 4032 
Australia 
amanda_corley@health.qld.gov.au 
 
Conflicts of Interest Statement 
A Corley, L Caruana and J Fraser have received funding from Drager Medical for partial 
support of this study. Drager Medical Ltd had no part in study design, data collection and 
analysis or manuscript preparation. A Corley and J Fraser have received grant funding for this 
study from the Queensland Health Nursing Research Grant and The Prince Charles Hospital 
Foundation Research Grant. Other authors have no conflicts of interest to declare. 
 2
ABSTRACT 200 
 
Purpose Endotracheal suctioning causes significant lung derecruitment. Closed suction (CS) 
minimises lung volume loss during suction and therefore volumes are presumed to recover 
more quickly post-suctioning. Conflicting evidence exists regarding this. We examined the 
effects of open and closed suctioning on lung volume loss during suction, and recovery of 
end-expiratory lung volume (EELV) up to 30 minutes post-suction. 
 
Material and Methods Randomised crossover study examining twenty post-cardiac surgical 
patients. CS and open suction (OS) were performed in random order, 30 minutes apart. Lung 
impedance was measured during suction, and end-expiratory lung impedance (EELI) was 
measured at baseline and post-suctioning using electrical impedance tomography. Oximetry, 
PaO2/FiO2 ratio and compliance were collected. 
 
Results Reductions in lung impedance Dduring suctioning, reductions in lung impedance 
were less during for CS when compared tothan OS (mean difference ––905 impedance units, 
95% CI ––1234, ––587, p<0.001). However, at all points post-suctioning, EELV recovered 
more slowly after CS than OS. There were Nno statistically significant differences in the other 
respiratory parameters were found. 
 
Conclusions CS minimised lung volume loss during suctioning but, counter-intuitively, 
resulted in slower recovery of EELV post-suction than OS. Therefore, the use of CS cannot 
be assumed to be protective of lung volumes post-suctioning. Consideration should be given 
to restoring EELV after either suction method via a recruitment manoeuvre. 
 
Keywords: Suctioning, lung volume, lung volume measurement, Electrical Impedance 
Tomography, mechanical ventilation 
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INTRODUCTION 
      
During mechanical ventilation, it is essential to minimise alveolar collapse and the shear 
forces associated with ventilator-induced lung injury. This is achieved by maintaining 
adequate lung volumes throughout the respiratory cycle 1. However, although endotracheal 
suctioning is an essential intervention in maintaining airway patency in mechanically 
ventilated patients, it can also be associated with significant lung derecruitment 2,3.  
 
Open suctioning (OS) involves disconnecting the endotracheal tube (ETT) from the ventilator, 
resulting in significant lung volume loss, and is followed by the application of suction which 
further exacerbates lung derecruitment 3. In contrast, closed suctioning (CS) minimises 
derecruitment during suctioning, as disconnection is not required, thus allowing continued 
delivery of tidal volume 4,5. Hence, it has been assumed that end-expiratory lung volumes 
(EELV) recover more quickly after CS. However, despite considerable work examining the 
effects of open and closed suctioning on lung volumes in adult mechanically ventilated 
patients,2-4,6,7 this has never been unequivocally demonstrated. There is conflicting evidence 
regarding the recovery of EELV after CS. Some studies show EELV recovery to very near 
pre-suction levels within 10 minutes 2,3 but there is also evidence showing that EELV after CS 
does not return to pre-suction levels even after 20 minutes 76 . Therefore, it is necessary to 
further examine the effects of endotracheal suctioning on the recovery of lung volume over a 
longer period of time to clearly establish how lung volume recovers after suctioning-induced 
derecruitment. 
 
Changes in lung volume can be safely and easily measured at the bedside using Electrical 
Impedance Tomography (EIT) 8-107-9 as a strong linear relationship exists between impedance 
change and volume change 11,1210,11. In particular, this measurement technique has been 
shown to reliably and accurately detect changes in lung volumes during and after 
endotracheal suctioning 8,97,8. 
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The aim of this randomised crossover study was to assess lung volume loss during both OS 
and CS in volume-controlled mechanically ventilated adult patients, and the recovery of EELV 
at 1, 10, 20 and 30 minutes after suctioning. The effects of OS and CS on oxygenation (SpO2 
and PaO2/FiO2 ratio) and airway compliance were also assessed.  
 
METHODS 
 
The study was approved by The Prince Charles Hospital Human Research and Ethics 
Committee (EC27105) and was conducted in the Intensive Care Unit (ICU) at a tertiary 
referral hospital in Brisbane, Australia. Written informed consent was gained obtained from 
each participant prior to surgery and the study was conducted in accordance with the ethical 
standards laid down in the 1964 Declaration of Helsinki.  
 
Study population 
Patients were eligible if they: were 18 years or over; were invasively ventilated in volume-
control mode; and had invasive blood pressure monitoring (intra-arterial line) in situ. Patients 
were excluded if: they had an ongoing air leak from their chest drains post-surgery; were 
haemodynamically unstable (mean arterial pressure < 50 mmHg, brady- or tachyarhythmias, 
greater than 200 mls blood loss from drains within one hour since returning from theatre); had 
an open sternum; had a positive end expiratory pressure (PEEP) > 5cmH20; had received 
suctioning within 30 minutes prior to study suction manoeuvres; or had any change in 
ventilator settings between suction manoeuvres. All patients were studied in a supine position 
within one hour of return from the operating theatre, and were sedated with Propofol and 
opioid as per ICU sedation protocol. Figure 1 provides a flowchart of patient flow through the 
study. 
 
Suction Protocol 
A crossover design was used and suction manoeuvres were performed in a random order 
with a 30 minute washout period between manoeuvres. The suction order was allocated using 
consecutive, sequentially numbered, opaque, sealed a consecutive opaque envelopes 
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method, which were not prepared by study staff. The envelopes were only opened after 
assessing if the patient met all inclusion criteria, none of the exclusion criteria, and after a self 
test of the EIT. The size of the OS catheter (Indo-Flo, Unomedical, Mona Vale, Australia) and 
CS catheter (Portex Steri-cath, Smiths Medical, St Paul, MN, USA) was standardised to the 
ETT size (i.e., for an ETT with an internal diameter (ID) of 7.0 to 8.5, a 12 Fr catheter was 
used; and, for an ETT with 9.0 and 9.5 ID, a 14 Fr catheter was used). After randomisation, 
an appropriately sized CS catheter was positioned in the ventilator circuit and left in place for 
the duration of the study. All patients were mechanically ventilated (Puritan Bennett 840, 
Covidien, Mansfield, MA, USA) using synchronised intermittent mandatory ventilation volume-
controlled mode (SIMV-VC) with a tidal volume of 6–8 ml/kg, inspiratory flow trigger of 1.5 
L/min, peak flow of 50 L/min, PEEP of 5cm H2O, and with FiO2 set by the intensive care 
specialist to maintain SpO2 ≥ 95%. After a 30 minute equilibration period and 1 minute pre-
oxygenation with 100% FiO2 (as per ICU policy), the first suction manoeuvre was performed, 
followed by a washout period of 30 minutes after which the second manoeuvre was 
performed. Each manoeuvre consisted of two passes of the suction catheter lasting 8–10 
seconds each with a 6 second interval between suctions. A suction pressure of –-150 mmHg 
was applied continuously during the withdrawal of the catheter. All suction manoeuvres were 
performed by an experienced ICU nurse (AC) and were timed with a stopwatch. 
 
Measurements 
Changes in end-expiratory lung impedance (EELI) were measured using EIT (Dräger, 
Lübeck, Germany) at baseline (defined as 1 minute prior to the suction manoeuvre), during 
suctioning and then at 1, 10, 20 and 30 minutes after suctioning. Change in EELI is 
representative of change in EELV dDue to the previously established linear relationship 
between impedance change and volume change 11,1210,11, these impedance figures can be 
used to represent the change in lung volume. Thus, accurate measurement of expiratory lung 
volumes can be achieved. Oxygen saturation values via pulse oximetry (SpO2) were collected 
at the same time points via a Marquette monitor (GE Medical Systems Information 
Technologies Inc., WI, USA). Arterial blood gases were measured using an ABL 800 gas 
analyser (Radiometer, Copenhagen, Denmark) at baseline and 10 minutes after suctioning. 
Comment [C3]: Addresses reveiwer2, 
point 4d 
Comment [C4]: Addresses reviewer 2, 
point 4h 
Comment [C5]: Addresses reviewer 1, 
point 1 
 6
Static airway compliance was measured via the ventilator at baseline and at 10, 20, and 30 
minutes after suctioning. 
 
Statistical analysis 
The outcome measures analysed were EELI, SpO2, PaO2/FiO2 ratio and airway compliance 
over time for repeated patients. As the data are repeated, a standard regression model 
cannot be used because data from the same patient are not independent 1312. We therefore 
used a mixed effects model with a random intercept for each patient. In each model, the 
dependent variable was one of the outcome measures (EELI, SpO2, PaO2/FiO2 ratio or airway 
compliance), and the independent variables were time and randomised group. The purpose of 
this analysis was to examine differences in the suctioning methods and the differences over 
time. Results are expressed as means and 95% confidence intervals. All models were fitted 
using the “Imer” library in R 1413. To visualise the differences over time we plotted the mean 
EELI by group and time point. Statistical significance was set at a probability of less than 
0.05. The sample size wais based on seeing a 20% reduction in EIT in the open versus 
closed group. To find this difference with 80% power using a 5% significance level requires 20 
patients. This assumes the paired difference in EIT (open minus closed) has a normal 
distribution with a standard deviation of 30%. 
 
 
RESULTS 
 
Twenty post-operative cardiac surgical patients were studied. All patients completed the 
protocol and no studies were halted due to safety concerns. The investigators monitored the 
patients during the study period for adverse events, namely cardio-respiratory instabillity. 
Selected demographic and peri-operative data of the participants are shown in Table 1. 
Figures 21 and 32 illustrate representative impedance measurements during and after OS 
and CS. 
 
Loss of lung volume during suctioning  
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There was no significant differences in mean baseline EELI between OS and CS (128 vs 218 
impedance units, p = 0.252). The magnitude of lung volume loss during suctioning depended 
on suction method. Mean lung impedance fell during CS by 1634 and during OS by 2449 
impedance units. Thus, the reduction in lung impedance during OS was 815 impedance units 
greater than during CS (95% CI –-1251, –-519, p <0.001). This indicates a decrease in lung 
volume of a similar magnitude. Table 2 details the mean impedance and mean differences at 
baseline and during suctioning. 
 
Recovery of EELV after suctioning 
After CS, mean EELI at 1, 10, 20 and 30 minutes was 609, 426, 559 and 533 less than 
baseline respectively. At the same time points after OS, EELI was 352, 55, 249 and 370 
impedance units less than baseline. EELI after CS was significantly lower than after OS at 
each time point which indicates a slower recovery in EELV after CS than after OS. The mean 
impedance figures and mean differences at each time point post suctioning are shown in 
Table 2. Figure 43 provides is a graphical representation of these findings. 
 
Changes in other respiratory parameters 
Hyperoxygenation prior to the suction manoeuvres appears to protect against reductions in 
SpO2 and PaO2/FiO2 ratio as no statistically or clinically significant reductions in either 
parameter wasere observed after either suction method (data not shown). There was some 
decrease in airway compliance observed after CS (see Figure 54) but these decreases were 
not clinically significant nor did they reach statistical significance. 
 
DISCUSSION  
 
The results of this study demonstrate thatFrom these results,  closed suctioning is no more 
protective against it appears the assumption that closed suctioning is somewhat protective of 
suctioning-induced lung derecruitment than open suctioning during SIMV-VC ventilation. may 
not be entirely accurate. In this study, we demonstrated that despite CS limiting lung volume 
loss during suction, EELV recovers more slowly after CS than after OS. To the best of our 
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knowledge, this is the largest study investigating the recovery of EELV after suctioning in 
adult patients to date and the first to demonstrate the slower recovery of EELV up to 30 
minutes after CS. Due to the previously demonstrated strong correlation between impedance 
change and volume change 8,9,11,12, it can be said that the changes in lung impedance 
observed in this study correlate with physiological changes in lung volume which occur during 
airway suctioning.   
 
The study findings have important clinical ramifications. It is widely assumed that CS is less 
deleterious than OS because CS minimises lung volume loss during suctioning. The smaller 
lung volume losses seen during CS compared to OS 2-4,6,72-4,6,14 are confirmed by this study. 
However, the demonstrated slower recovery of EELV after CS in this study questions the 
presumed advantage of CS over OS in preserving lung volumes. The difference of 163 
impedance units in EELI between OS and CS 30 minutes post suctioning demonstrates that 
recovery of EELV after CS is no better and, in fact, slightly worse than after OS during SIMV-
VC ventilation in this cohort. The advantage of CS of limiting lung volume loss during 
suctioning is not clinically relevant if EELV recovers at the same rate or more slowly after CS.  
 
CS catheters are recommended for use in patients with acute lung injury (ALI) or acute 
respiratory distress syndrome (ARDS) 3,4 as these patients are particularly vulnerable to the 
alveolar de-recruitment seen during suctioning 15. However, the observed protracted recovery 
of EELV post CS in our cohort of post cardiac surgical patients may be amplified in patients 
with ARDS as the presence of surfactant dysfunction leads to greater alveolar injury during 
derecruitment 16.  
 
The mechanisms behind the slower recovery of EELV after CS remainsare unclear and 
requires further investigation before it can be stated with any certainty that CS is more 
effective than OS in maintaining open lung ventilation and avoiding sustained alveolar 
derecruitment. The interaction between the ventilator and the negative pressure suction 
applied in SIMV-VC volume-controlled ventilation during CS is not fully understood.  El Masry 
and colleagues17 investigated the functioning of a number of ventilators during CS with 
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different suction pressures, ventilator modes and ventilator settings. They found large 
variations in response to CS between the ventilators tested but that, within two breaths, pre-
suction gas delivery was resumed.  Unfortunately, SIMV-VC was not tested as a ventilation 
mode during this study, but further studies specifically investigating the SIMV mode and 
settings such as inspiratory flow trigger and peak flow would be beneficial in understanding 
the complex patient-ventilator interaction that occurs during suctioning.  
 
There is significant heterogeneity between studies investigating suctioning-related lung 
volume change in terms of ventilator mode, ventilator settings, suction technique, suction 
pressure, length of time suction was applied and catheter size. A recent Cochrane review18  
identified that there was a need for more well designed studies with better reporting of 
outcomes, specifically investigating the effects of CS in different patient groups, with different 
modes of ventilation and suctioning methods. Interestingly, only 10 of the 16 included trials in 
the review provided details of the suction manoeuvre itself. and has multiple confounding 
variables, including ventilator type, ventilator strategy, level of negative pressure applied, 
whether negative pressure was applied continuously and for how long it was applied. These 
factorsHeterogeneity betweein the abovementioned factors, in addition to differences in 
patient populations between studies, may be responsible for the conflicting evidence 
regarding the recovery of EELV post-suctioning and make it difficult to generalise results. 
  
When comparing our results with the results of similar studies examining lung volume 
changes associated with CS in volume-controlled ventilation, there are some inconsistencies 
exist. Consistent with our study findings, Heinze et al 7 measured functional residual capacity 
(FRC)  (via the LUFU, oxygen wash-in, wash-out technique) after CS in a similar study 
populationthe same cohort as this present study and with similar suction times and pressures. 
and  They demonstrated that it FRC had not returned to baseline after CS in volume-
controlled ventilation within 20 minutes of suctioning. In contrast, two other studies found that 
EELV has been shown to d very nearly or completely returned to baseline levels within 1 to 
10 minutes of CS 2,3 but, in both these studies, patient populations, suction techniques, 
ventilator settings, washout periods and lung volume measurement were different than this 
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present study. These differences could well lead to the differences seen between studies. The 
slower recovery of EELV after CS observed in this study is most likely due to the complex 
interaction that exists between the patient, ventilator and suction manoeuvre which, to date, 
has not been fully described or understood. Further investigation is required to clearly 
determine the role of this interaction in the recovery of EELV after CS. 
 
 
During CS in volume-controlled ventilation with lower flow triggers, it has been reported that 
large negative pressures can be generated if flow generated during suction is greater than 
peak flow through the ventilator circuit 1917. No direct evidence was obtained that this occurred 
during this study. However, to investigate more fully and exclude this as a factor in the slower 
recovery of EELV post CS, a bench top experiment was designed. Using both open and 
closed suction catheters of size 12F and 14F, the negative flow generated during suctioning 
was tested. The flow generated by suctioning at –-150 mmHg never exceeded the peak flow 
of 50 L/min set for all study patients, therefore the large negative pressures previously 
described could not occur and did not contribute to the slower recovery of EELV in this study.  
 
The rate of EELV recovery after OS found in our study is consistent with other published 
evidence 3,63,14. Maggiore et al studied EELV up to 1 minute after suctioning and found that it 
had not recovered to pre-suction levels 3. Dyhr  et al6 measured EELV for a longer period and 
found that even after 25 minutes, EELV had not returned to pre-suction levels after OS 614. 
 
Regardless of which suction method was used, our results demonstrate that the recovery of 
EELV was incomplete up to 30 minute post suctioning. Therefore, our findings add weight to 
the argument for performing a lung recruitment manoeuvre either during or post-suction, 
regardless of which suction method is used. A recruitment manoeuvre can be performed 
during or after suctioning to maintain or restore EELV 3,6,20,213,14,18,19 and minimise the 
deleterious effects of suctioning such as alveolar de-recruitment and atelectasis. Such 
manoeuvres should be performed with care as adverse events, though mostly transient, can 
occur 21-2519-23. 
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Whilst there were no statistically or clinically significant changes seen in oxygenation (SpO2 
and PaO2/FiO2 ratio) during or after suctioning with either method, this was expected due to 
the ICU policy of pre-oxygenating with FiO2 of 1.0 for 1 minute prior to suctioning. In most 
studies that have found reductions in oxygenation due to suctioning, pre-oxygenation has not 
been performed 3,4,73,4,6.  
 
Whilst we have demonstrated that CS recovers more slowly than OS and that it, therefore, 
should be used with caution in certain patients, there are certainly advantages associated 
with CS use and these advantages must be considered before choosing one suction method 
over the other. These advantages include reducing cross-contamination of the lungs by 
gastric contents 2624 in addition to reducing levels of environmental contamination and 
exposure of health care workers to potentially harmful pathogens 2725.  
 
There are limitations to this study which must be considered. Although this is the largest 
published study to our knowledge investigating the effects of suctioning on lung volumes, the 
sample size is small. Nevertheless, we were able to demonstrate significant differences 
between the two suction methods. Additionally, our cohort consisted of haemodynamically 
stable post-cardiac surgical patients with a mean PaO2/FiO2 ratio of 314 and therefore did not 
have an acute lung injury. The finding could be expected to be somewhat different, perhaps 
amplified, in patients with ALI or ARDS. Due to the randomised crossover study design, 
longer term outcomes such as ventilator-acquired pneumonia, ventilator-free days and ICU 
length of stay were not assessed. 
 
CONCLUSION 
 
In adult mechanically ventilated patients post-cardiac surgery, endotracheal suctioning using 
a CS system minimises lung volume loss during suctioning but results in a slower recovery of 
EELV post suctioning when compared with OS. Therefore, the use of CS cannot be assumed 
to be protective of lung volumes after suctioning. Consideration should be given to restoring 
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EELV after suctioning via a recruitment manoeuvre, regardless of which suction method is 
used. Further investigation is required into the mechanism behind the slower recovery of 
EELV after CS observed in this study. 
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